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Measurements of the spin-lattice relaxation rate are reported for muons and protons as a function
of temperature for different values of the applied magnetic field in thg,®n molecular cluster.
Strongly field dependent maxima in the relaxation rate versus temperature are observed below 50 K.
The results are explained in terms of thermal fluctuations of the total magnetization of the cluster
among the different orientations with respect to the anisotropy axis. The lifetimes of the different
components of the total spify = 10, of the molecule are obtained from the experiment and shown to
be consistent with the ones expected from a spin-phonon coupling mechanism. No clear evidence for
macroscopic quantum tunneling was observed in the field dependence of the proton relaxation rate at
low T. [S0031-9007(98)07391-8]

PACS numbers: 76.60.—k, 75.45.+j, 76.75.+i

Large magnetic molecules which are the buildinganisotropy barrier [14]. The field and temperature depen-
blocks of solid crystal lattices are of interest for the dences of the thermal lifetimes of the levels are neces-
study of magnetism at mesoscopic level [1,2]. A systensary for a quantitative estimate of
that has recently attracted much attention is the molecule Nuclear magnetic resonance (NMR) and muon spin ro-
[Mn;,0;,(CH;C0O0)15(H,0)4] (in short Mn12) whose tation (wSR) are suitable microscopic probes to inves-
magnetic core is made up of a tetrahedron of'Mions, tigate the spin dynamics of the Mn ions in the cluster
each with§ = % at the center and eight Mh ions with ~ [15]. In particular, the fluctuations of orientation of the
S = 2 on the outside [3,4]. The clusters crystallize into amagnetization of the cluster generate fluctuations in the
tetragonal lattice in which the orbital angular momentumlocal hyperfine interaction at the nuclear (or muon) site
is quenched by the crystal field and the intermoleculawhich in turn become responsible for the nuclear (muon)
magnetic interactions are negligible. Thus, the magnetispin-lattice relaxation. In this Letter, we report a detailed
properties are largely determined by the intramoleculainvestigation of the spin-lattice relaxation (SLR) of both
superexchange interactiosand by the strong single ion muons and protons in Mn12 as a function of temperature
axial anisotropy (along tetragonalaxis) due to residual and for different values of the applied external magnetic
spin-orbit interactions [5]. The ground-state configura-field H. The central result of this paper consists in the ob-
tion determined by the relative strength of the antifer-servation of maxima in theSR SLR vsI', maxima which
romagneticJ coupling constants has total spiz = 10  decrease in amplitude and are displaced towards lower
resulting from the four inner MiT spins being parallel to temperature upon increasirig. The observed behavior
each otherS; = 6) and the other eight M also par- for uSR is explained with a simple model which takes
allel (S;7 = 16) with the two groups antiparallel to each into account the random fluctuations of the total magneti-
other. At low temperaturé€l’ < 30 K) the magnetic clus- zation of the cluster in it$7 = 10 ground states among
ters are mostly in theSy = 10 ground state [4], and the the differentm sublevels. The same model explains the
reorientation of the magnetization of the molecule deterproton NMR SLR data versus field @& = 4.2 and 3 K.
mined by spin transition among the differentsublevels It is noted that the lifetimes of the different levels ob-
split by the axial anisotropy gives rise to spectacular sutained here are not easily determined from electron para-
perparamagnetic behavior [6,7]. At even lower temperamagnetic resonance (EPR) and/or neutron scattering.
ture (T < 3 K) where the classical thermal fluctuations Polycrystalline samples of
freeze out one still observes finite, although small, reMn;,0;,(CH;CO0),6(H,0)42CH;-COOH4H, O were
laxation rates which have been attributed to macroscopiprepared as described in Ref. [4]. In NMR measurements
guantum tunneling phenomena [8—10]. There are sever#ie powders were cooled down to the lowest temperature
theoretical models to evaluate the reorientation rate of th# the highest magnetic field; in this way most of the
total magnetization of the molecule at loW including  particles end up oriented with the axis along the
the gquantum tunneling [11-13]. One important issue isnagnetic field. On the contrary, the low fieldSR
the interplay of thermal fluctuations and resonant tunnelexperiments were performed on randomly oriented
ing in determining the average timefor the magnetiza- powders. In this case a majority of the crystallites are
tion of the molecule to change orientation) against the oriented approximately with the axis perpendicular to
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the magnetic field. The NMR spectrum broadens at A complete set of relaxation data for both NMR and
low T as shown in Fig. 1. The loW- spectrum can wSR are shown in Fig. 2. Both NMR angdSR relaxation

be resolved into two components (see inset of Fig. 1)show a similar enhancement &< 100 K. The uSR
The main lineA is unshifted while the second line has relaxation goes through a field dependent maximum at
a shift which increases on lowering the temperaturel’ < 50 K except that for theH = 0 data. The NMR
(see Fig. 1). The shifte® line can be ascribed to the relaxation time at low frequency becomes so short below
protons in the HO molecules coupled by an isotropic 50 K that the signal is lost. It is measurable again at
hyperfine interaction to the Mn core. The main unshiftedvery low T' (<5 K) whereT; andT, become sufficiently
line originates from protons which are coupled to Mnlong (see the NMR data at 4.2 and 3 K in Fig. 2). Thus,
moments via dipolar interactions only, which yield ait can be inferred that a maximum similar to the one
broadening of the line but no net shift. The shift andobserved inuSR is present. Another broad and structured
the linewidth of both components have a temperaturegnaximum can be observed at relatively high temperature
dependence which tracks th& dependence of the inthe NMR high frequency data at 87 MHz and 200 MHz
magnetic susceptibility [15]. The shift on lifgin Fig. 1 reported previously [15]. Since we are interested in the
saturates at lowI' at about 3 MHz independently of fluctuations of the magnetization in tt$g = 10 ground
the applied fieldH, indicating that the local hyperfine state, we consider here only the I@wand lowH data for
field has a fixed value corresponding to the spontaneousoth SR and NMR.

magnetization of the molecule in itS; = 10 ground We consider the Mn12 cluster in its magnetic ground
state. The recovery of the nuclear magnetization is nostate characterized by 21 energy levels labeled by the
exponential due to the distribution of relaxation rates ofmagnetic quantum numbem [14] which, neglecting
the different protons in the Mn12 cluster. The SIRR,',  small transverse fourth order terms, can be expressed as
was obtained from the initial part of the recovery, thusk, = —Dm? — Bm* — hm cosf, where the anisotropy
yielding an average value [15]. Measurements performegarameters ar® = 0.556 K, B = 1.1 X 1073 K, h =

by irradiating the two lines yield essentially the samegugH = 1.33H (K/T), and @ is the angle between the
result indicating that the different groups of protonstetragonalz axis and the external magnetic field. Muon
are strongly coupled via the nuclear dipolar interaction(nuclear) spin-lattice relaxation involves the exchange of
The w*SR measurements were performed at ISIShe small quantum of Zeeman energy with the “lattice”
pulsed muon facility (Rutherford Appleton Laboratory) and is thus possible only if a lifetime broadening of the
on MUSR beam line. The spin-lattice relaxation ratemagnetic molecular levels is present. In the framework
A was obtained from the stretched exponential decapf the weak collision approximation [16] the above
[exp(—(Ar)g)] of the muon polarization which indicates “scattering” process can be described in terms of the
the presence of a distribution of muon sites. Detailscorrelation function of the transverse componént(z)
about both NMR ang.SR methods of measurement andof the time dependent transverse hyperfine field at the
a critical discussion of the parameters measured have

been reported in a previous publication [15]. — T ————rr
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FIG. 2. Longitudinal spin-lattice relaxation rate for protons
FIG. 1. Proton NMR, shift of the ling3 (M), and full width (77 ') and muons(A) plotted versus temperature for different
at half maximum of lineA (O) and of line B (@) versus applied magnetic fields. NMRZJ) 0.33 T(®) 0.73 T; uSR:
temperature at 4.7 T. The inset shows the proton NMR(H) zero field,(+) 0.025 T,(X) 0.1 T,(O) 0.15 T,(¢) 0.2 T,
spectrum at 8 Kand 4.7 T. (V)0.37T.
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muon (nuclear) site.

change when the magnetization of the molecule changes
orientation (i.e.Am = =1 transitions) and if we assume
an exponential correlation function with correlation time

IfAh+ is the hyperfine field
100 |

. (corresponding to a Lorentzian broadening of the
sublevels) then we can write:
—10

(h=(h=(0)) = D> (Ah%)ex

m=+10

F<—L> exp(—gm/kT)7
1)

The lifetimer,,

m

where Z is the partition function.

can be expressed in terms of the spin-phonon transition

probabilitiesp,,—., for a transitionm — m':
1

T_ = Pm—m—-1 T Pm—m+1; (2)
where according to Villairet al. [5,11,17],
_ (Emfl - Em)3
Pw—m—1 = C g == — > and
3)
En — Ep+1)?
Pm—m+1 = C ( +1) form >0

1 — e (En—Enc)/kT
while for m < 0 one has to replace — 1 withm + 1in

the first part of Eq. (3) and replaee + 1 withm — 1in
the second part of Eq. (3).

In Eqg. (3) the parameter C =
(3/2mpv’ i) (m|V|m = 1)>, with v the phonon
velocity,

spin-phonon interaction.
NSLR or 1SR relaxation [16]
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FIG. 3. Muon relaxation rates versus temperature for different
applied magnetic fields. The curves are theoretical fits accord-
ing to Eq. (4) with the choice of parameters discussed in the
text.

relaxation atT = 4.2 K and T = 3 K as a function of
external magnetic field (resonance frequency) as shown
in Fig. 4. Both sets of experimental data in Fig. 4 can
be fitted with Eq. (4) using the sant value used in the
uSR fit (Fig. 3) andAxmr = 0.4 X 10'? (rad/sec?).

depends on the matrix element of theThe value of Axyr = 0.4 X 10'2 (rad/sec?) cor-
Thus we can write for theresponds to a root mean square hyperfine field

L \(Ah%) = JAxur/27 = 100 KHz which is of the
correct order of magnitude being a fraction of the inhomo-
geneous width of the NMR spectrum (see Fig. 1). The ra-

tio \/A/LSR'}’IZ\’/ANMR'Y%L = \/<Ah?:>ﬂSR/<Ahg:>NMR = 38

=7 2 T (4)

2.2
Z m=+10 I T o7}

is surprisingly high, suggesting that the muon location in

the Mnl2-acetate molecule is on an oxygen bridging the
whereA = y%(Ah3), yx is the nuclear (muon) gyromag-
netic ratio andw, is the Larmor frequency.

The experimentajuSR relaxation rates are compared 0.5 T
with the theoretical calculation [Eq. (4)] in Fig. 3. The r | _
. A ' n T=42K
adjustable parameters aseand C which are chosen to 04 \ _ .
. . ARahdhsl \ e T=3K
yield a reasonable fit for all the curves in Fig. 3: 3
Ausr = 6 X 105 (rad/sec?) and :‘3 03r %IE i
3|Vm mill2 5 3 é)
C=—2>—-=09 X 10" (Hz/K’). < 02f .
2mh*pvd (Hz/K") o
H
An uncertainty of +25% can be assigned to the 0.1 .
values of the parameters, C from a comparison of
the theoretical curves with the experimental data for 0ol e =t
different values of the parameters. The vafue= 0.9 X 02 04 06 08 10 12 14 16
10° Hz/K? falls in the range~103-10° which is typical H (Tesla)

of simple magnetic ions [14,17]. FIG. 4. Proton spin-lattice relaxation rate versus applied
Since the lowH, low T maximum in the NMR SLR can- o ohetic field at 4.2 and at 3 K. The curves are the fits

not be measured due to short relaxation times (see Fig. 2dccording to Eq. (4) with fitting parameters discussed in the
we checked the validity of Eqg. (4) by measuring the NMRtext.
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Mn ions and is thus subjected to a much larger hyperfin@he SR measurements at RAL were carried out under
field than the protons. the financial support of the CEE TMR program.
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